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Background of the Invention 

1. Field of the Invention 

[0001] The present invention relates generally to a semiconductor memory cell, and more 
particularly to a method of controlling threshold voltages of a NROM cell for multiple 
1 0 level cell (MLC) operation. 

2. Description of the Related Art 

[0002] Nitride Read Only Memory (NROM) cells are currently widely used in 
semiconductor industry. Figure 1 illustrates a cross-sectional view of a conventional 
15 NROM cell with two bits storage capability. The NROM cell 100 includes a substrate 110 
with doped source 112 and drain 114. A silicon nitride layer 116 is sandwiched between 
two silicon oxide layers 118 and 120 disposed over the substrate 1 10. A gate conductor 122 
is disposed over the silicon oxide layer 120, and a channel 1 15 is formed under the silicon 
oxide layer 118 between drain 114 and source 112. 

20 [0003] A NROM cell can be electrically programmed, read, and erased. The 

programming of the NROM cell 100 generates hot electrons in the channel 1 15. A fraction 
of these hot electrons gain enough energy to surmovmt the barrier of the silicon oxide layer 
118 and become trapped on the silicon nitride layer 116. The trapped charge will move to 
the region in the layer 116 near drain 114. Since the silicon nitride layer 116 is non- 
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conductive, the NROM cell 100 can be programmed to have hot charges gathered at both 
ends of the layer 1 16: the right end near drain 114 with a stored charge 124 and the left end 
near source 112 with a stored charge 1 26. 

[0004] When a NROM cell is read, the presence or absence of stored charge is 
5 determined by sensing the change in its threshold voltages. If a NROM cell is charged or 
programmed, its threshold voltage increases. The presence of stored charge is interpreted as 
the logical information signal “0”; the absence of stored charge is interpreted as the logical 
information signal “1”. As shown in Figure 1, the NROM cell 100 has stored charges on 
both sides; therefore, the logical information signals for both bits of the NROM cell 100 
10 are "0" and "0". 

[0005] A NROM cell capable of multiple levels of charges is said to have multiple level 
cell (MLC) operation capability. Different levels of charge results in different threshold 
voltages. The more the charge for a NROM cell, the higher its threshold voltage. The use 
of NROM cells with MLC operation capability leads to reduce the volume occupied by 
1 5 memory cells and produce dense semiconductor structures. 

[0006] Conventional symmetrical programming and reading provides a method of a one- 
sided programming, reading, and erasing for a NROM cell. However, in order to achieve 
multiple threshold voltages, this method needs multiple program conditions. 

[0007] U.S. Patent No. 6,011,725 to Eitan discloses a method of asymmetrical 
20 programming, reading and erasing for a NROM cell with two bits storage capability. This 
invention suffers from the drawback that the void of interaction between the two bits of a 
NROM cell, due to the reverse read method, limits the threshold voltage operation window. 
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[0008] U.S. Patent No. US 6,487,114 B2 to Jong et al. discloses a method of 
simultaneously reading two bits of information for a NROM cell. Unfortunately, this 
method can read only up to four memory states for a two-bit NROM cell. 

[0009] In view of the foregoing, there is a need for a method of controlling the threshold 
5 voltage of a NROM cell for MLC operation so that fewer programming conditions are 
needed to form multiple memory states. 
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Summary of the Invention 



[0010] Broadly speaking, the present invention fills this need by providing a method of 
two-sided asymmetric progreimming with a one-sided read for a Nitride Read Only 
Memory (NROM) cell with different quantity of charge when an interaction between the 
5 right bit and the left bit exists. The two-sided programming makes a NROM cell require 
less programming conditions to form multiple memory states, as compared with the one- 
sided programming method; the one-sided read enables a NROM cell to perform MLC 
operation not only at the non-interaction region of the two bits, but also at the interaction 
region of the two bits. Since the threshold voltage of a NROM cell at the interaction region 
10 is higher than the threshold voltage of a NROM cell at the non-interaction region, the 
threshold voltage of the NROM cell is increased. Thus, the operation window of the 
threshold voltage is controlled. Furthermore, four, eight, and sixteen memory states of a 
NROM cell can be achieved through the combination of the left bit, the right bit, the 
quantity of charge, and the charge position as a result of the increase of the threshold 
15 voltage. 

[0011] In accordance with one aspect of the present invention, one embodiment shows a 
method of two-sided asymmetric programming with a one-sided read for a NROM cell 
with different quantity of charges. This embodiment also uses a graph to illustrate the 
different interaction regions of the two bits for the NROM cell while it is programmed. 
20 When the charges of the two bits are low, there is no interaction between the two bits. As 
the charges of the two bits get higher, there exists an interaction between the two bits such 
that the charge of one bit affects the charge of the other bit. The method of two-sided 
asymmetric programming with a one-side read can perform the MLC operation for a 
NROM cell at both the interaction region and the non-interaction region. As a result, the 
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threshold voltage of the NROM cell is not limited to the low threshold voltage range where 
no interaction exists between the two bits. 

[0012] In accordance with another embodiment, one of the advantages of the present 
invention, i.e., low read voltages for a NROM cell can be achieved. A low read voltage can 
5 ease the read disturb for a NROM cell. It is also noted that because it is not an objective to 
discriminate memory state between the two bits, it is possible to use a smaller read voltage 
to sense the integrated memory state from the two bits. More specifically, in accordance 
with the invention, it is possible to use the interaction between the two bits to define the 
memory states, and as a result, it is possible to use smaller read voltages. 

10 [0013] In yet another embodiment, a NROM cell is shown with different quantity of 

charge at four different charge states by using the two-sided asymmetric programming with 
a one-sided read method through the combination of the right bit, the left bit, the quantity 
of charge, and the charge position for those two bits. It also uses a graph to show the 
threshold voltages of the NROM cell as a function of the read voltages. 

1 5 [0014] In still another embodiment, a NROM cell is capable of showing eight different 

charge states, due to the increase of the threshold voltages, by using the two-sided 
asymmetric programming with a one-sided read method through the combination of the 
right bit, the left bit, the quantity of charge, and the charge position for those two bits. 

[0015] In yet another embodiment, a NROM cell is capable of showing sixteen different 
20 charge states, due to the increase of the threshold voltages, by using the two-sided 
asymmetric programming with a one-sided read method through the combination of the 
right bit, the left bit, the quantity of charge, and the charge position for those two bits. 
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[0016] Other aspects and advantages of the invention will become apparent from the 
following detailed description, taken in conjvmction with the accompanying drawings, 
illustrating by way of example the principles of the invention. 
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Brief Description of the Drawings 



[0017] The accompanying drawings, which are incorporated in and constitute part of this 
specification, illustrate exemplary embodiments of the invention and together with the 
description serve to explain the principles of the invention. 

5 [0018] Figure 1 illustrates a cross-sectional view of a Nitride Read Only Memory 

(NROM) cell with equal level of charges at its right bit and left bit. 

[0019] Figure 2 illustrates a cross-sectional view of a NROM cell with different quantity 
of charge at its right bit and left bit in accordance with one embodiment of the present 
invention. 

10 [0020] Figure 3 is a graph showing the quantity of stored charge as a function of the 

programming time for a NROM cell in accordance with the embodiment of Figure 2. 

[0021] Figure 4 is a graph showing the effect of the stored charges for the left bit and the 
right bit of a NROM cell when different read voltages are applied in accordance with one 
embodiment of the present invention. 

15 [0022] Figure 5A illustrates cross-sectional views of a NROM cell with four different 

charge states in accordance with one embodiment of the present invention. 

[0023] Figure 5B is a graph showing the threshold voltage as a function of the read 
voltage for a NROM cell with four different charge states in accordance with the 
embodiment of Figure 5 A. 

20 [0024] Figure 6 illustrates cross-sectional views of a NROM cell with different quantity 

of charge when both sides of the NROM cell are programmed in accordance with one 
embodiment of the present invention. 
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[0025] Figure 7 is a graph showing the threshold voltage as a function of the read voltage 
for a NROM cell with eight different charge states in accordance with one embodiment of 
the present invention. 
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Detailed Description of the Exemplary Embodiments 



[0026] Reference is made in detail to embodiments of the invention. While the invention 
is described in conjunction with the embodiments, the invention is not intended to be 
limited by these embodiments. On the contrary, the invention is intended to cover 
5 alternatives, modifications and equivalents, which may be included within the spirit and 
scope of the invention as defined by the appended claims. Furthermore, in the following 
detailed description of the invention, numerous specific details are set forth in order to 
provide a thorough understanding of the invention. However, as is obvious to one 
ordinarily skilled in the art, the invention may be practiced without these specific details. In 
10 other instances, well-known methods, procedures, components, and circuits have not been 
described in detail so that aspects of the invention will not be obscured. 

[0027] Referring first to Figure 2, a cross-sectional view of a Nitride Read Only Memory 
(NROM) cell 200 is shown illustrating different charge levels at the right bit and the left bit 
of the NROM cell 200 in accordance with one embodiment of the present invention. The 
15 illustrated NROM cell 200 has semiconductor substrate 210 with doped source 212 and 
drain 214. A silicon nitride layer 216 is sandwiched between two silicon oxide layers 218 
and 220 disposed over the substrate 210. A gate conductor 222 is disposed over the silicon 
oxide layer 220. 

[0028] The illustrated NROM cell 200 is programmed using two-sided asymmetric 
20 programming with a one-sided read. When the right bit of the NROM cell 200 is 
programmed, a drain voltage and a gate voltage are applied to the terminal 232 and the gate 
terminal 238, respectively, and the terminal 230 is grovmded. While the left bit of the 
NROM cell 200 is programmed, a drain voltage and a gate voltage are applied to the 
terminal 230 and the gate terminal 238, respectively, and the terminal 232 is grounded. The 
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NROM cell 200 is programmed with different levels of charges for its two bits: the left bit 
with a high charge 234 and the right bit with a low charge 236. In order to achieve a high 
charge 234 at the left bit, a higher gate voltage Vg at the gate terminal 238 or a higher drain 
voltage at the terminal 230 are needed relative to the gate voltage or the drain voltage for 
5 programming the right bit with a low charge 236. Another way to achieve a higher charge 
at one bit is to spend more programming time relative to the time spent for the other bit that 
has a lower charge. 

[0029] The illustrated NROM cell 200 is only read from a single side, in this embodiment 
of the present invention, the terminal 232. When performing the read operation for the 
10 NROM cell 200, a read voltage Vread and a gate voltage Vg are applied to the terminal 232 
and the gate terminal 238, respectively, and the terminal 230 is grounded. 

[0030] Referring now to Figure 3 in view of Figure 2, a graph 300 is shown illustrating 
the quantity of stored charge at the left bit and the right bit of the NROM cell 200 as a 
function of the programming time in accordance with the embodiment of Figure 2. The left 
15 bit charge profile 330 and the right bit charge profile 340 are divided into two regions: the 
interaction region 320 and the non-interaction region 310. 

[0031] As shown in graph 300, the different quantity of stored charge will cause different 
interaction between the two bits of the NROM cell 200. At the beginning of the left bit 
programming operation, the quantities of charges for both bits are low. As indicated by the 
20 non-interaction region 310, the increase of the stored charge at the left bit has no or little 
effect for the stored charge at the right bit. As the programming time increases, when the 
quantity of the stored charge for the left bit is high enough to reach into the interaction 
region 320, there exists an interaction between the left bit and the right bit. The interaction 
between those two bits has such an effect that the increase of the stored charge for the left 
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bit will induce an increase of the stored charge for the right bit. A higher quantity of stored 
charge for the left bit can be achieved from either self-programming or the interaction of 
the right bit when the right bit is programmed. 

[0032] The described method of two-sided asymmetric programming with a one-sided 
5 read makes the NROM cell 200 with different level of charges capable of operating at both 
the non-interaction region 310 and the interaction region 320. As indicated in graph 300, 
the threshold voltage of the NROM cell 200 is higher in the interaction region than in the 
non-interaction region. As a result, the threshold voltage operation window of the NROM 
cell 200 is expanded and is not limited by the non-interaction region. 

10 [0033] Referring now to Figure 4, a graph 400 is shown illustrating the effect of the 

stored charge for the left bit and the right bit of a NROM cell when different read voltages 
are applied in accordance with one embodiment of the present invention. 

[0034] During a reverse read operation of a NROM cell, a high interaction between the 
two bits should be avoided because the high interaction leads to decreased read sense 
1 5 margin. As shown in the stored charge profile 420, a low read voltage, 1 .6V, will cause a 
high interaction between the two bits of a NROM cell. On the contrary, a high read voltage, 
for example, 2V, as shown from the stored charge profile 410, leads to a low interaction 
between the two bits of a NROM cell. Although a higher read voltage is desired in order to 
reduce the interaction between the two bits during the reverse read operation of a NROM 
20 cell, a higher read voltage may cause read disturbs. Because the present invention uses the 
one-sided read method instead of the reverse read method, it will not face the limitation of 
the interaction of the two bits. More specifically, the present invention uses the interaction 
to define the memory states; therefore, a lower read voltage can be used to sense the 
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integrated memory states from the two bits. The read voltage for a NROM cell in the 
present invention can be as low as about IV. 

[0035] Referring now to Figure 5A and Figure 5B, a NROM cell 500 with four different 
charge states and the corresponding threshold voltage profiles are shown in accordance 
5 with one embodiment of the present invention. Figure 5 A illustrates four cross-sectional 
views of a NROM cell 500 with four different charge states. The illustrated NROM cell 
500 is programmed by using the method of two-sided asymmetric programming with a 
one-sided read. As shown in Figure 5 A, the read operation of the illustrated NROM cell 
500 is only performed from the right side. Figure 5B shows the corresponding threshold 
10 voltage as a function of the read voltage for the NROM cell 500 with four different charge 
states in accordance with the embodiment of the Figure 5A. The graph 500’ in Figure 5B 
shows that the read voltage can be set as low as IV in order to reduce the read disturb. Of 
course, the operation window can be controlled by optimizing the quantity of charge at the 
right bit and the left bit. 

15 [0036] In Figure 5 A, the cross-sectional view 510 shows the NROM cell 500 without any 

charges for its two bits. As a result, the initial threshold voltage is low (about 2V), as 
shown in the threshold voltage profile 510’ of Figure 5B. The cross-sectional view 520 
shows the NROM cell 500 with a low charge 522 at its right bit, i.e., its read-side. The low 
charge 522 is about 6.5V. According to local drain-induced barrier lowering (DIBL) effect, 
20 the threshold voltage of the stored low charge 522 at the read-side will be reduced to about 
4.5V, as illustrated in the threshold voltage profile 520’ of Figure 5B. The cross-sectional 
view 530 shows the NROM cell 500 with a low charge 534 (about 6.5V) at its left bit. 
Because the low charge 534 is stored at the left side, no local DIBL effect exists while 
reading the NROM cell 500 from the right side. Thus, the corresponding threshold voltage 
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is about 6.5 V, as indicated in the threshold voltage profile 530’ of Figure 5B. Finally, the 
cross-sectional view 540 shows the NROM cell 500 with a low charge 546 at its right bit 
and a high charge 548 at its left bit. The low charge 546 is about 6.5V and the high charge 
548 should be higher than 6.5V. Because the interaction between the right bit and the left 
5 bit, a higher threshold voltage is achieved. As shown in the threshold voltage profile 540’, 
the corresponding threshold voltage is about 8.5V. 

[0037] Referring now to Figure 6, four cross-sectional views of a NROM cell 600 is 
shown illustrating four possible programming arrangements when both sides of the NROM 
cell 600 are programmed in accordance with one embodiment of the present invention. 

1 0 [0038] The NROM cell 600 can be programmed with a low charge at its left side and a 

high charge at its right side, as shown in the first cross-sectional view 610 from the left side. 
The next cross-sectional view of 620 has a high charge at its left side and a low charge at 
its right side. The cross-sectional view 630 of the NROM cell 600 illustrates a case where 
both charges are low, and the cross-sectional view of 640 illustrates a case where both 
15 charges are high. In either case, the examples of Figure 6 show how many combinations 
can be made when both sides of the NROM cell 600 is programmed. Accordingly, if only 
one side of a NROM cell is programmed, the stored charge can be either low or high. 
Through the combination of the right bit, the left bit, the quantity of charge, and the charge 
position, 16 possible charge states for a particular NROM cell can be achieved due to the 
20 increase of the threshold voltage by using the two-sided asymmetric programming with a 
one-sided read method. 

[0039] Referring now to Figure 7, a graph 700 is shown illustrating the threshold voltage 
Vt as a function of the read voltage for a NROM cell with eight different charge states in 
accordance with one embodiment of the present invention. The graph 700 is achieved by 
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using the method of two-sided asymmetric programming with a right-sided read through 
the combination of the right bit, the left bit, the quantity of charge, and the charge position. 

[0040] The threshold voltage profile 710 shows the threshold voltage as a function of the 
read voltage for a NROM cell and no charges exists at both bits (Vt is about 2V). The 
5 threshold voltage profile 720 shows the threshold voltage as a function of the read voltage 
for a NROM cell, and a low charge exists for the left bit (Vt is about 2.6V). The threshold 
voltage profile 730 shows the threshold voltage as a function of the read voltage for a 
NROM cell and a low charge exists for the right bit (Vt is about 3.9V). The threshold 
voltage profile 740 shows the threshold voltage as a function of the read voltage for a 
10 NROM cell and a low charge exists for the left bit (Vt is about 5.5V). The threshold 
voltage profile 750 shows the threshold voltage as a function of the read voltage for a 
NROM cell and a high charge exists for the right bit (Vt is about 7V). The threshold 
voltage profile 760 shows the threshold voltage as a function of the read voltage for a 
NROM cell and a high charge exists for the right bit (Vt is about 8.4V). The threshold 
15 voltage profile 770 shows the threshold voltage as a function of the read voltage for a 
NROM cell and a high charge exists for the left bit (Vt is about 9.2V). The threshold 
voltage profile 780 shows the threshold voltage as a function of the read voltage for a 
NROM cell and a high charge exists for the left bit (Vt is about 10.6V). 

[0041] The threshold voltage profiles 710, 720, 730 and 740 show the threshold voltages 
20 as a function of the read voltages for a NROM cell with four different low charge states. 
The low charges used to obtain the threshold voltage profiles 710, 720, 730 and 740 could 
be different low charge values. The threshold voltage profiles 750, 760, 770 and 780 show 
the threshold voltages as a function of the read voltages for a NROM cell with four 
different high charge states. The high charges used to obtain the threshold voltage profiles 
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750, 760, 770 and 780 could be different high charge values. When the charges of a 
NROM cell are low, the left most bit of the logical information signal is "1", as indicated in 
the low charge logical information signal region 702. When the charges of a NROM cell 
are high, the left most bit of the logical information signal is "0", as shown in the high 
5 charge logical information signal region 704. Thus, due to the increase of the threshold 
voltage operation window, the combination of the left bit, the right bit, the quantity of 
charge, and the charge position makes a two-bit NROM cell capable of showing eight 
different charge states. 

[0042] The foregoing descriptions of specific embodiments of the invention have been 
10 presented for purposes of illustration and description. They are not intended to be 
exhaustive or to limit the invention to the precise forms disclosed. Obviously, many 
modifications and variations are possible in light of the above teaching. The embodiments 
were chosen and described in order to explain the principles and the application of the 
invention, thereby enabling others skilled in the art to utilize the invention in its various 
15 embodiments and modification s according to the particular purpose contemplated. The 
scope of the invention is intended to be defined by the claims appended hereto and their 
equivalents. 

What is claimed is: 

20 
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